Abstract: Dry eye is a potent stimulus of both innate and adaptive immune systems. At the nexus of the dry eye inflammatory/immune response is the dynamic interplay between the ocular surface epithelia and the bone marrow-derived immune cells. On the one hand, ocular surface epithelial cells play a key initiating role in this inflammatory reaction. On the other hand, they are targets of cytokines produced by activated T cells that are recruited to the ocular surface in response to dry eye. This interaction between epithelial and immune cells in dry eye will be thoroughly reviewed.
T he proposed inflammatory/immune cycle of dry eye is presented in Figure 1 . This cycle consists of an afferent arm, where desiccating stress on the ocular surface elicits an immune response, and an efferent arm, where activated CD4 + T cells home to the ocular surface and modulate epithelial differentiation.
AFFERENT ARM
The afferent arm of the dry eye immune reaction is initiated by a stress response of the ocular surface epithelial cells to desiccation and/or increased tear osmolarity. Increased tear osmolarity in dry eye has been recognized for decades. 1 Clinical studies have reported increases in mean tear osmolarity of about 10%-20% in tear samples collected from the inferior tear meniscus 1 ; however, ocular surface epithelial cells underlying areas of marked thinning or frank breakup of the tear layer may be subjected to much greater osmotic stress. This is supported by a study that found a doubling of tear osmolarity in an experimental murine model of dry eye using sodium ion concentration in tear washings collected from the entire ocular surface to measure tear osmolarity. 3 Osmotic stress activates signaling pathways in a variety of cell types, including the ocular surface epithelia. 4 We have reported that exposure to increased osmolarity in vivo or in vitro activates mitogen-activated protein kinase (MAPK) pathways, particularly p38 and c-Jun N-terminal kinases, and nuclear factor (NF)-kB in the ocular surface epithelia. 5, 6 These pathways regulate transcription of a wide variety of genes involved in the inflammatory/immune response. We have found that desiccating and osmotic stress, by MAPK activation, stimulates production of a variety of inflammatory mediators by the corneal epithelium, including interleukin (IL)-1b, tumor necrosis factor (TNF)-a, and IL-8 and a number of matrix metalloproteinases (MMPs; MMP-1, -3, -9, -10, and -13). [5] [6] [7] [8] [9] Epithelial-derived factors, such as IL-1b and TNF-a, can activate immature resident corneal dendritic cells and recruit dendritic cells into the cornea through upregulation of CC chemokine receptor 5 and major histocompatibility complex class II antigen. 10, 11 Dry eye also leads to a decrease in the number of conjunctival goblet cells, which produce and secrete the immunoregulatory molecule transforming growth factor-b 2 that has been reported to suppress activation of dendritic cells on the ocular surface. 12, 13 Desiccating stress may also expose or release yet-to-be-determined autoantigens by the ocular surface epithelia through proteolytic cleavage of membrane antigens or by accelerating apoptosis and release of intracellular antigens.
Adoptive transfer models indicate that antigen-loaded antigen-presenting cells migrate from the ocular surface to regional lymph nodes where they present antigen to CD4 + T cells capable of reacting to ocular surface antigens. CD4 + T cells isolated from spleen and superficial cervical lymph nodes of mice subjected to desiccating stress have been shown to induce severe autoimmune lacrimal keratoconjunctivitis when they are adoptively transferred to nude mouse recipients. 14 These findings suggest that ocular surface epithelial cells play a key role in the innate immune/inflammatory response to desiccating stress that facilitates the development of an adaptive immune response.
EFFERENT ARM
In the efferent arm of the immune cycle of dry eye (Fig.  1) , activated CD4 + T cells migrate from the lymph nodes to the ocular surface and lacrimal glands, in which if conditions are favorable, they are recruited to the epithelia where the putative lacrimal keratoconjunctivitis-inducing autoantigen is located. In normal immunocompetent individuals, experimental evidence indicates that this process is inhibited by T regulatory cells in the regional lymph nodes and in the conjunctival epithelium. 14 We have observed that dry eye decreases the numbers of CD8 + and CD103 + conjunctival intraepithelial T cells that may serve as a barrier to migration of pathogenic autoreactive CD4 + T cells into the conjunctival epithelium. 15, 16 T-cell recruitment to and retention in the ocular surface tissues may be facilitated by cytokines and chemokines that are produced by activated epithelia that alter the local immune milieu by increasing the expression of adhesion molecules by vascular endothelial cells and ocular surface epithelial cells. 5, 17 Increased production of MMPs by the ocular surface epithelia also facilitates migration of T cells through the epithelial basement membrane into the epithelium. 9 Dry eye also appears to decrease levels of Fas ligand by the ocular surface epithelia, which has been found to play a role in immune privilege by stimulating apoptosis of Fas-expressing T cells. 18 Cytokines released by the infiltrating CD4 + T cells are capable of altering conjunctival epithelial homeostasis. IL-17 alone or in conjunction with interferon (IFN)-g or TNF-a has been found to stimulate the production of inflammatory mediators such as IL-6, IL-8, granulocyte colony-stimulating factor, interferon-inducible protein (IP)-10, intercellular adhesion molecule-1, human leukocyte antigen-DR, and b-defensin-2 by mucosal epithelial cells. [19] [20] [21] [22] [23] [24] [25] [26] We have reported that IFN-g decreases goblet cell differentiation and increases expression of cornified envelope precursor proteins such as involucrin and small proline-rich protein-2. 15 The relationship between T-cell infiltration of the conjunctiva and loss of goblet cells has been observed in other inflammatory models. Chronic activation of NF-kB signaling in I kappa bata zeta (IKBz) knockout mice has been observed to induce CD4 + T-cell migration into the conjunctiva and marked goblet cell loss. 27 These findings are consistent with the clinical features of human dry eye disease. A decrease of conjunctival goblet cell density is recognized as a sine qua non of aqueous tear deficiency. 28 Furthermore, it is recognized that goblet cell loss is greatest in conditions associated with severe T-cell infiltration of the conjunctiva such as Stevens-Johnson syndrome, graftversus-host disease, and mucus membrane pemphigoid. [29] [30] [31] Furthermore, increased expression of cornified envelope precursor proteins and crosslinking transglutaminase-1 enzyme in the conjunctival epithelium has been observed in StevensJohnson syndrome and Sjögren syndrome. 32, 33 Finally, epithelial stress pathways activated by osmotic stress and T-cell cytokines such as IFN-g and TNF-a may contribute to the increased conjunctival epithelial apoptosis that has been observed in human and murine dry eye. 34, 35 
THERAPEUTIC TARGETS
The above findings suggest that therapeutic strategies could be utilized to inhibit components of the inflammatory cycle of dry eye. Hydration of the ocular surface can be maintained with use of moisture chamber spectacles and therapeutic contact lenses-particularly the Boston lens, which serves as a liquid bandage. 36 Osmoprotectants added to artificial tear solutions have been found to inhibit MAPK activation in the ocular surface epithelia in response to osmotic stress. 37 Corticosteroids inhibit NF-kB-mediated production of numerous cytokines and chemokines. 8, 38, 39 Tetracyclines inhibit MAPK activation and are potent inhibitors of MMPs. 7, 8, 38 Cyclosporin A decreases the production of factors by activated T cells and has been found to inhibit ocular surface epithelial apoptosis and to increase conjunctival goblet cell density in humans and mice with dry eye. 13, [40] [41] [42] Autologous serum and constituents such as albumin have been found to have antiapoptotic effects on the ocular surface epithelia. 43 FIGURE 1. Afferent arm (right). Desiccating stress activates epithelial stress pathways stimulating production of cytokines, chemokines, and matrix metalloproteinases (1) that facilitate activation of dendritic cells and migration of dendritic cells to the regional lymph nodes (2) . In the lymph nodes, dendritic cells present antigen to CD4 + T cells. Efferent arm (left). Primed and targeted CD4 + T cells emigrate from the lymph nodes and home to the ocular surface (3) where if conditions are favorable, they infiltrate the conjunctival epithelium. Cytokines produced by these CD4 + effector cells modulate epithelial differentiation and survival (4) . IL, interleukin; TNF, tumor necrosis factor. DC ¼ dendritic cell; APC ¼ antigen presenting cell; CPI ¼ cornea proteases.
